The agreement between the two measures of transition-state stabiliz.ation achieved by the catalytic anb"body is more than satisfactory. One might conclude from this superficial analysis that the hydrolysis catalyzed by 43C9 proceeds by a simple, one-step mechanism. The experimental facts, however, reveal another story.
The anb"body-catalyzed hydrolysis of p-nitrophenyl ester 2a and p-nitroanilide I has been examined by both pre-and steady-state kinetic techniques (10). The steady-state Micbaelis-Menten parameters, kc.ti Km and kcat, as a function of pH are shown in Fig. 1 . The data can be fit either to a reaction mechanism involving the titration of a group at the antigenbinding site whose dissociation promotes substrate hydrolysis or to one that features a change in the rate-limiting step around a central antibody-bound intermediate species due to changes in pH. For the p-nitrophenyl ester, the rate constant for p-nitrophenol release (measured independently) approximates kcat in the pHindependent region (pH > 9). Thus, the apparent pl(. of 9 found for both substrates in the pH rate profiles cannot be due to dissociation of a common acidbase group involved in binding or catalysis. Further support for this conclusion obtains from the absence of pH-dependent binding of I, a competitive inhibitor of ester hydrolysis that should be sensitive to the ionization state of an active-site acid-base group. The 10' difference in kcat at pH > 9.0 between the two substrates also rules out any mechanism involving a shared conformational change step such as activation of an antibody·substrate complex that is rate-limiting in that region. suggests that there is no significant accumulation of the putative intermediate. Attempts to detect a steady-state intermediate such as an acyl-antibody at low pH (pH 7.0) where its accumulation i s more favorable by stopped-flow or rapidquench methods were unsuccessful (10). Single 180 incorporation into the acid product 3 observed in the presence of Hi 18 0 is consistent with an acyl species and definitively rules out a symmetrical tetrahedral intermediate (11). However, using electrospray mass spectrometry, a covalently bound species of mass weight equivalent to an acylated antibody was recently observed at pH 5.9, which represented -10% of the total antibody species, thus reinforcing our choice of interpretation. This species was not detected in a similar experiment in the presence of hapten 4. The data were therefore analyzed by using the kinetic sequence described in Scheme II. the data were analyzed identically. Values for the estimated rate constants are listed in Table 1. for the antibody-catalyzed reaction is more characteristic of nucleophilic attack and expulsion of a charged leaving group by a nitrogen nucleophile, such as imidazole (13-15). Thus, the substituent effect provides further support for an acyl intermediate and against a one-step general base or nucleophilic attack mechanism for hydrolysis. The inability of 43C' 9 to protonate its leaving group is underscored by the dramatic 80-fold decrease in kcat estimated for the p-chloroanilide species.
The substrate specificity of 43C' 9 was further extended to include a series of p-substituted phenyl esters 2b-e (12). Interestingly, little or no reactivity was observed with the C01TCsponding m-nitrophenyl ester or anilide or the p-chlorosubstituted anilide, despite the fact that the m-nitro compounds are bound as well as their respective p-nitro derivatives. This suggests that a precise, stercochemical orientation of the substrate i s necessary within the active site. Since the pHdependent hydrolysis of esters 2b-e by 43C' 9 exhibits kcat and lea,./ K m pH rate profiles similar to the p-nitro derivatives, g .. Collectively from the kinetic and thermodynamic binding measurements, a free energy reaction coordinate diagram was constructed for hydrolysis of the p-nitrosubstituted ester and anilide ( Fig. 2 ) (10). There are several striking features of the two reaction profiles. One is the high stability of the antibody Ab·P1·P2 complex, which has a / Ji . G equal to 7-12 kcal·mol-1 lower than the respective uncomplexed substrates. This tight product complex ultimately limits the rate of ester hydrolysis at high pH. The second noteworthy feature is the increased kinetic barrier for the formation of Ab-I from the amide relative to the ester substrate so that this step ultimately limits amide turnover by the antibody at high pH. This free energy profile may provide a glimpse of bow nonoptimized enzymes may have functioned with their efficiency of turnover hampered by the unevenness in the / Ji . G barriers for the various ground states and their respective transition states. We will return to a more direct comparison of 43C' 9 to an esterase enzyme later, but the remarlcable finding to emphasize now is bow far the mechanism of action of 43C' 9 has departed from the simple hydrolysis implicit in the original hapten design. One simple rationale is that covalent active site chemistry becomes more probable the higher the affinity of the antibody for the transition-state mimic, provided that nucleophilic side chains are made available through a requirement for charge neutralization or hydrogen bonding in hapten binding.
Construction of the 43C9 Mode1Structure
Flo. 1. pH rate profiles for 43C9-catalyzed hydrolysis of p-nitropbenyl ester 2a (Left) and Recent mechanistic studies of 43C' 9 have p-nitroanilide I (Right).
made use of site-directed mutagenesis to The amide substrate was docked analogously (Fig. 3) (22) . 
Appllcatioo of the Proton Inventory Technique to Antibody Catalysis
As probes of enzyme mechanisms, the solvent isotope effect and proton inventory have found their greatest use with the serine proteases (23). This technique was used to further evaluate the proposed catalytic mechanism of 43C9, fleshed out in view of the modeled antibody-substrate complex (Fig. 3) . Proton inventories of kcat and k cai / Km at pL 8 are bowed downward for the 43C9-catalyzed hydrolysis of p-chlorophenyl ester 2b. At this pL value, breakdown of the acyl- (25) Using the single-chain Fv version of 43C9, which retains the kinetic parameters of the parent monoclonal antibody (26) , a series of site-directed mutagenesis studies were undertaken. The His-L91 to Gin (H-L91-Q) mutant, which retains a degree of hydrogen bonding but no nucleophilic capability, possessed no detectable catalytic activity when assayed against the p-chlorophenyl ester substrate 2b (22) . This finding reflects at least a 50-fold decrease in catalytic activity. On the other hand, the affinity of this mutant for ligands is essentially unchanged from that of the wild type ( Table 2 A carboxylate side chain was placed adjacent to the N• of His-L91 by substituting Glu for Gln-1.89. We anticipated that the resulting hydrogen bond would help orient the N 3 ofHis-L91 for nucleophilic attack and might also facilitate proton transfer. Unfortunately, the Q-L89-E mutant displayed only =50% of the wildtype activity (J.D.S., V. A. Roberts, E. D. Getzoff, and S.J.B., unpublished data). Collectively, these results underscore the exacting constraints that must be satisfied to improve turnover.
Our final approach to rationally improve catalysis by 43C9 was to increase product release since this step is ratelimiting for p-nitropbenyl ester hydrolysis at high pH values. As noted above, the side chain of Arg-HIOOA is positioned to form a charged hydrogen bond with the nitro group of the hapten. Presuming that this hydrogen bond might be at least partially responsible for slow product release, Arg-HlOOA was replaced with Gin. Thermodynamic binding measurements indicated that the affinity of the R-HlOOA-Q mutant for p-nitrophenol had been reduced 4.3-fold relative to that of the wild type. Furthermore, direct measurements of the on and off rates for p-nitrophenol binding to this mutant (22 µ.M-s-1 and 103 s-1, respectively) indicated that the off rate was increased 2.5-fold relative to the wild type. This increased off rate was manifested by a kcat value of 100 s-1 for the p-nitrophenyl ester substrate at pH 10, 2.5-fold higher than that for the wild-type antibody in the pH-independent region (D.B.S., V. A. Roberts, E. D. Getzoff, and S.J.B., unpublished data). This provides an example of a means for relieving product inhibition without deleterious effects on the overall turnover of the antibody.
Compartaon or the Mechanism or 43C9 witll Tbo8e ol AnaJoeous F.nzymes
From the outset, our goal has been to produce antibody catalysts whose efficiencies match those of highly evolved enzymes. This invites two questions: (i) to what extent have we succeeded in producing effective catalysts, and (ii) to what extent do catalytic antibodies resemble their enzymic counterparts? Antibody 43C9 is a potent catalyst for anilide and ester hydrolysis at pH> 9.0, with kca 1 values within a factor of 25 and 2, respectively, of chymotrypsin at pH 7.0 (10). By this criterion, then, we have succeeded in producing a catalyst with remarkable activity.
Mechanistic studies of 43C9 have shown that an antibody whose evolution has been directed toward tighter binding of a transition-state analog can recapitulate a number of characteristics of an enzyme whose evolution has been directed by increased catalytic efficiency. Covalent catalysis allows a difficult chemical transformation to be broken into more manageable units and represents a common theme in enzymecatalyzed amide hydrolysis. The use of a His residue as the nucleophile, however, appears to be unprecedented. On the other hand, this participation is reasonable since His and Tyr (27) are the only residues acting in the absence of general acid-base catalysis that might be expected to reversibly form acyl-antibody intermediates. Nature has circumvented this problem in enzymes by constructing multiresidue networks involving general base catalysis; for example, the Cys-His ion pair in the case of subtilisin or the catalytic triad of the serine proteases. The use of an oxyanion hole to stabilize the tetrahedral transition states and intermediates has also been reproduced by 43C9. In the case of carboxypeptidase A, which also employs an Arg residue in this role, this interaction contributes 6-8 kcal·mo1-1 to transition-state stabilization (28) . Unfortunately, we were unable to measure the contribution in free energy of Arg-L96 to transition-state stabilization in the case of 43C9 since the catalytic activity of the R-L96-Q mutant was below our detection limits.
Condading Remarks
How can the lessons learned from studies of 43C9 be applied to creating more effective antibody catalysts? First, our results have underlined the importance of high affinity for the transition-state analog, provided that the antigen accurately represents the transition state for a given reaction. It is worth noting that no 43C9 mutant whose Kd for the transition-state analog was > 1 nM displayed catalytic Table 2 . Thermodynamic dissociation constants for ligand binding and steady-state kinetic parameters for p-chloropbenyl ester hydrolysis at pH 8.S and 2S"C by wild-type and mutant 43C9 single-chain antibodies
